Pyrimidine metabolism was studied in the obligate intracellular bacterium Chlamydia psittaci AA Mp in the wild type and a variety of mutant host cell lines with well-defined mutations affecting pyrimidine metabolism.
In contrast, C. psittaci has been isolated from humans and a very large number of avian and mammalian species, in which it produces a variety of diseases (26, 28) . Despite the clinical and economic importance of chlamydiae, many aspects of their basic biology have not been studied and the metabolic relationships that exist between the parasites and their hosts remain largely unknown (20) . This is, in part, due to the fact that axenic growth of chlamydiae has not been realized. In addition, host-free chlamydiae display limited metabolic activity (12, 20) .
Our laboratory is particularly interested in nucleotide metabolism in chlamydiae. To study nucleotide metabolism in C. trachomatis, we have employed an in situ approach with well-defined mutant host cell lines and several different radiolabelled nucleic acid precursors (4, 5, 18, 24, 29, 30) . The results generated indicate that C. trachomatis (i) cannot de novo synthesize purines or pyrimidines, (ii) lacks the ability to salvage preformed purine or pyrimidine nucleobases and (deoxy)nucleosides, (iii) can obtain all four ribonucleotides directly from the host cell, (iv) encodes a ribonucleotide reductase and thymidylate synthase for synthesizing deoxyribonucleotides from host-derived ribonucle-* Corresponding author. China. otides, and (v) possesses the pyrimidine metabolic pathway enzymes CTP synthetase and deoxycytidine nucleotide deaminase. Although studied less extensively, similar findings have been reported for C. psittaci 6BC (3, (10) (11) (12) (13) . In total, these findings support the hypothesis that chlamydiae have lost the vast majority of their nucleotide-metabolizing enzymes and at the same time have acquired the unique ability to transport ribonucleotides directly from the host cell (12, 20) .
Recently, we compared five avian C. psittaci isolates biochemically, genetically, and immunologically (17) . Despite the fact that these isolates were essentially indistinguishable genetically and immunologically, they could be divided into two groups based on nucleic acid precursor utilization patterns. In support of the original hypothesis that all chlamydiae are auxotrophic for ribonucleoside triphosphates, three of the isolates appeared totally dependent on the host cell for ribonucleotides. In contrast, although the other two isolates could obtain purine ribonucleotides from the host, they were incapable of taking pyrimidine ribonucleotides from the host cell. These results implied the existence of pyrimidine-metabolizing enzymes previously not known to exist in chlamydiae. The present study was conducted to address the question of pyrimidine acquisition by C. psittaci AA Mp, a representative of this unusual group of chlamydiae isolates. The results presented indicate that C psittaci AA Mp possesses several key salvage enzymes for pyrimidine acquisition.
MATERIALS AND METHODS
Materials. [2,8-3H] adenine (46 Ci/mmol), L6-3H]cytosine (20 Ci/mmol), [5-3H] cytidine (22 Ci/mmol), [5-H] deoxycytidine (24 Ci/mmol , (20 Ci/mmol), [6-3H] uracil (20 Ci/mmol), [6-H] uridine (22 Ci/mmol), [6-3H] deoxyuridine (22 Ci/mmol), [2'-3H] deoxyuridine (20 ci/mmol) , [meth- yl-3H]thymine (60 Ci/mmol), [methyl-3H] thymidine (65 Ci/ mmol), and [5-3H] orotic acid (20 Ci/mmol) were purchased from Moravek Biochemicals Inc. (20 (17) . C. psittaci isolates were grown as described previously (24) , and unless otherwise indicated 1 ,ug of cycloheximide per ml was present in the postinfection (p.i.) growth medium. Mock-infected (MI) host cell cultures were treated in the same fashion as infected cultures except that chlamydiae were not added. Cycloheximide (1 pg/ml) was always present in MI cell culture medium. All elementary body stocks were propagated in monolayers of wildtype mouse L cells as described previously (5) . Chlamydial stocks were routinely checked for free-living bacterial contamination.
Effect of exogenous thymidine on C. psiltaci growth. The effect of exogenous thymidine on C. psittaci growth in mutant CHO K1 DHFR-and mutant human adenocarcinoma TS-cells was determined as described previously (5 (27) Enzymatic hydrolysis of DNA and subsequent deoxynucleoside analysis. MI and C. psittaci AA Mp-infected cultures were radiolabelled with nucleic acid precursors for 22 h, and total nucleic acids were isolated as described above. RNA was degraded with 0.45 N NaOH, and the DNA was precipitated with perchloric acid. The DNA was enzymatically hydrolyzed to deoxynucleosides as described previously (1). Briefly, DNA was digested with DNase I and snake venom phosphodiesterase for 3 h at 370C and then incubated with alkaline phosphatase for 1 h at 370C. The digested samples were boiled for 3 min, precipitate was removed by centrifugation, and the samples were subjected to HPLC. Isotope incorporation into deoxynucleosides was monitored by on-line radioactive flow detection after separation on a 12.5-cm Whatman Partisphere C18 HPLC column by using 100% 200 mM ammonium acetate buffer (pH 4.25, 0.5% acetonitrile) isocratically at 1 ml/min. The identity of the radioactive peaks was confirmed by simultaneously monitoring the A254 of known deoxynucleoside standards. Data were analyzed as described above.
Preparation of RB extracts. Suspension cultures of mouse L 929 cells were used as the host for preparing large batches of RBs, which were highly purified through Renografin density gradients as described previously (2) . Purified RBs were lysed, and crude cell extract was prepared as described by Fan et (50 mCi/mmol). The reaction was initiated by the addition of RB cell extract, the mix was incubated at 370C for 20 min, the reaction was then terminated, and the DE-81-adsorbable radioactivity was determined. The first time phosphoribosyltransferase and nucleoside kinase assays were run, the radiolabelled nucleotide products formed were separated and identified by HPLC (16) .
Nucleoside phosphorylase activity was assayed according to the method of Reyes et al. (25) with the following modifications. The reaction mixture contained (in a final volume of 100 RI) 0.1 M Tris-HCl (pH 7.6), 4 The reaction was initiated by the addition of RB cell extract (50 pg of protein) and then allowed to proceed at 370C for 20 min. The reaction was terminated by adding ice-cold trichloroacetic acid (final concentration, 10%), and then the tubes were placed on ice for 30 min. After centrifugation to remove precipitated material, the supernatant was neutralized by extraction with tri-n-octylamine-freon (15) . The neutralized extract was analyzed by reverse-phase HPLC with A254 monitoring and on-line radioactive flow detection for identification and quantitation of the pyrimidine bases.
RESULTS
Incorporation of pyrimidines into C. psittaci AA Mp nucleic acids. In contrast to C. trachomatis L2 (18) and C. psittaci 6BC (11) and Cal 10 (31), we recently reported that exogenous cytidine and uridine were not incorporated into the DNA of C. psittaci AA Mp when growing in wild-type mouse L cells as the host (17) . As an initial experiment in our efforts to determine the source of pyrimidine nucleotides for the parasite, we monitored the incorporation of various pyrimidine precursors into C. psittaci AA Mp nucleic acids (Table 1) . These experiments were conducted with wild-type mouse L cells and mutant TK-mouse L cells serving as hosts. The relative incorporation of radiolabel from the various pyrimidine precursors into RNA and DNA should be considered semiquantitative, since the specific activities of the parasite (deoxy)ribonucleoside triphosphate substrates were not determined. Also shown in Table 1 is the predominant (deoxy)ribonucleoside triphosphate(s) synthesized from each precursor by the host cell and thereby made available to chlamydiae.
Exogenous cytidine and uridine were not incorporated into C psittaci AA Mp RNA or DNA, in spite of the fact that radiolabelled UTP and CTP were available in both wild-type and TK-cells. Cytosine, deoxycytidine, and orotic acid were also not incorporated into chlamydia nucleic acids. Even though it was not anabolized by either host cell line, uracil was efficiently incorporated into C. psittaci AA Mp RNA. To determine whether the parasite could synthesize thymidine nucleotides de novo from uracil, we labelled C psittaci-infected cells with [5-3H] cells. To determine the effect of total pyrimidine or thymidine starvation on C. psittaci AA Mp, we monitored its growth in three cell lines with mutations in different enzymes of pyrimidine metabolism ( Table 2 ). As a consequence of their mutations, the CHO DHFR- (32) and human TS- (14) cells are auxotrophic for thymidine and the CHO Urd-A cells are auxotrophic for pyrimidines (23) . When cultured in the absence of thymidine, the DHFR-and TS-cells lack a detectable dTTP pool and the UTP and CIP pools in uridine-starved Urd-A cells are decreased by >90% (18a). For comparison, the growth of C. psittaci GM Mp, a tected in uracil and cytosine but not in thymine (Fig. lb) . We also determined the distribution of [6-3H] presence of [6-3H] uracil, then the DNA was extracted and enzymatically hydrolyzed, and the distribution of radioactivity into pyrimidine deoxynucleosides was analyzed by HPLC. As expected, no radioactive peaks were detected with MI cultures. In agreement with the above result, radiolabel was detected in deoxycytidine but not thymidine when C. psittaci AA Mp-infected wild-type cells were incubated with [6-3H] uracil (Fig. ic) .
Similar experiments were conducted with [6-3H] deoxyuridine. When C. psittaci AA Mp-infected wild-type cells were incubated with [6-3H] deoxyuridine as a precursor and total nucleic acids were analyzed for distribution of radiolabel into pyrimidine bases, radioactivity was detected in uracil, cytosine, and thymine (Fig. 2a) . In contrast, when C. psiuaci AA Mp-infected TK-cells were incubated with [6-3H]deoxyuridine, radioactivity was detected in uracil and cytosine but not thymine (Fig. 2b) .
The above results suggested that exogenously supplied deoxyuridine could label thymidine in C. psittaci AA Mp DNA only if the host cell had the ability to synthesize dTTP from deoxyuridine. To investigate this point further, we incubated uninfected and C. psittaci AA Mp-infected wildtype and TK-cells with [2'-3H] deoxyuridine and then analyzed the distribution of radioactivity into deoxynucleosides. As expected, incubation of C. psittaci AA Mp-infected wild-type cells with [6-3H] deoxyuridine resulted in radiolabel in both deoxycytidine and thymidine (Fig. 3a) , whereas incubation with [2'-3H]deoxyuridine gave rise to only radiolabelled thymidine (Fig. 3b) . When C. psiffaci AA Mp-infected TK-cells were cultured with [6-3H] deoxyuridine, radiolabel was detected in deoxycytidine (Fig. 3c) , whereas no radiolabelled deoxynucleosides were detected when [2'-3Hldeoxyuridine was used as a precursor (Fig. 3d) . This result was surprising, since we had found that a substantial amount of radioactivity was incorporated into trichloroacetic acid-precipitable material when C. psiftaci AA Mp-infected TK-cells were incubated with [2'-3H]deoxyudine (Table 1) .
In a final series of experiments we assessed the ability of C. psittaci AA Mp to metabolize thymine derivatives. MI and C. psittaci AA Mp-infected wild-type cells were incubated with [methyl-3H]thymidine (Fig. 4a) , MI and chlamydia-infected TK-cells were incubated with [5'-3H]thymidine (Fig. 4b) or [methyl-3H]thymine (Fig. 4c) , and then the radiolabelled deoxynucleosides were analyzed. In all three instances the only radioactive deoxynucleoside detected was thymidine.
Effect of excess pyrimidines on uracil and deoxyuridine incorporation. Results of competition experiments between [6-3H]uracil or [6-3H] deoxyuridine and 50-fold-higher concentrations of unlabelled pyrimidine precursors are presented in Table 3 . These experiments were carried out with C. psittaci AA Mp-infected TK-cells to minimize host deoxyuridine metabolism. Radiolabelled uracil incorporation into C. psittaci AA Mp nucleic acids was inhibited by deoxyuridine and uracil but was unaffected by thymidine or thymine. Radiolabelled deoxyuridine incorporation was inhibited substantially by excess deoxyuridine and uracil, only slightly by thymidine, and not at all by thymine. We also found that incorporation of radiolabelled uracil and deoxyuridine was essentially unaffected by competing cytosine, uridine, or orotic acid (data not shown). Radiolabelled thymidine incorporation was inhibited by approximately 35% by thymine but was not affected by the other pyrimidine precursors tested (cytosine, uracil, orotic acid, and deoxyuridine) (data not shown).
Pyrimidine metabolism by C. psittaci AA Mp RB extract. We assayed C. psittaci AA Mp RB extract for a few key pyrimidine-metabolizing enzymes. Uracil but not cytosine phosphoribosyltransferase activity was detected. (Deoxy)ribonucleoside cleaving activities were found for thymidine and deoxyuridine but not uridine. These activities were phosphate dependent and thus likely to be phosphorylases; however, hydrolase activity may also be present. Thymidine kinase activity was also detected. In contrast, we found no measurable thymidine phosphotransferase activity (data not shown). Purified sham suspensions, prepared from MI mouse L cells, had less than 1% of the activity detected for any of the above enzymes.
DISCUSSION
Using the pyrimidine auxotroph Urd-A line as a host, we showed that aspartate was not incorporated into C psittaci AA Mp nucleic acids. In addition, incorporation studies indicated that C. psittaci AA Mp could not utilize exogenous orotic acid as a pyrimidine precursor. Taken together, these findings indicate that C. psittaci AA Mp lacks the ability to de novo synthesize pyrimidines and as a result must salvage pyrimidines from the host. Rickettsia, another obligate intracellular bacterium, also lacks the capacity to de novo synthesize or salvage pyrimidine ribonucleotides (36, 37) . In contrast, the vast majority of free-living bacteria can carry out de novo pyrimidine synthesis, an exception being the mycoplasmas (19) . Furthermore, with the exception of several anaerobic flagellates, most eukaryotic intracellular parasites can synthesize pyrimidines de novo (9) . Results of precursor incorporation studies indicated that cytosine, cytidine, and uridine were not utilized as nucleic acid precursors by C. psittaci AA Mp. In contrast, uracil and deoxyuridine were readily incorporated into C. psittaci AA Mp RNA. These results suggest that C. psittaci AA Mp likely has (i) a deoxyuridine-cleaving activity, (ii) no cytosine or cytidine deaminase, (iii) no uridine phosphorylase or hydrolase, and (iv) no uridine or cytidine kinase. In support of these conclusions, we detected a deoxyuridinecleaving activity but were unable to detect uridine phosphorylase activity (Table 4 ) and uridine kinase activity in C. psittaci AA Mp RB extract (data not shown). The apparent lack of a route for converting cytidine and/or uridine to UMP is unexpected. Most eukaryotic intracellular parasites contain cytidine deaminase, uridine kinase, and/or uridinecleaving (hydrolase or phosphorylase) activity coupled with a uracil phosphoribosyltransferase (UPRTase) (9) . It appears that uracil is the primary source of pyrimidine nucleotides for C. psittaci AA Mp. This was confirmed by HPLC experiments showing that exogenous radiolabelled uracil gave rise to labelled cytosine and uracil in C. psittaci AA Mp nucleic acids. Uracil is converted to UMP by a parasitespecific UPRTase, and although assays were not done, CTP is presumably formed from UTP by a CTP synthetase.
Because of the lack of any other route for obtaining pyrimidine ribonucleotides, UPRTase becomes indispensable for C. psittaci AA Mp. In support of this we have found that 5-fluorouracil is an effective inhibitor of C. psittaci AA Mp growth (data not shown). Interestingly, UPRTase provides the major pyrimidine salvage for Tritrichomonas foetus, an anaerobic parasitic protozoa, and it has been observed that 5-fluorouracil is an inhibitor of the growth of T. foetus in vitro (35) . UPRTase is absent in mammalian cells but is common in free-living bacteria and present in many eukaryotic intracellular parasites (9, 22) . All other chlamydial isolates studied to date do not salvage uracil but instead fulfill their pyrimidine requirements by taking the end products, CTP and UTP, directly from the host cell (10, 18, 20, 31) .
Given that C. psittaci AA Mp depends on the host for a preformed pyrimidine ring, it is surprising that it grew in uridine-starved Urd-A cells. The UTP and CTP pools of pyrimidine-starved Urd-A cells are not sufficient to support the growth of the pyrimidine triphosphate auxotroph C. psittaci GM Mp. In the face of pyrimidine starvation, the mutant host cell pool of uracil may be partly replenished by turnover of RNA. Presumably this amount of uracil is sufficient to meet the pyrimidine ribonucleotide requirements of C. psittaci AA Mp. The slight decrease in C. psittaci AA Mp growth in uridine-starved Urd-A cells may well be caused by limiting amounts of host cell thymidine.
Deoxycytidine was not incorporated into nucleic acid by C. psittaci AA Mp. [5-3H] [6-3H] deoxyuridine, only labelled deoxycytidine was found. In competition experiments uracil and deoxyuridine competed with each other, and thymidine had no effect on [6-3H] uracil incorporation and vice versa. Together these results (i) indicate that deoxyuridine is not a direct precursor but rather is used after being converted to uracil, (ii) indicate that deoxycytidine nucleotides are primarily derived from salvaged uracil, and (iii) imply the existence of a ribonucleotide reductase in addition to CTP synthetase. We have previously shown that C. trachomatis L2 encodes a ribonucleotide reductase and CTP synthetase (29, 30) . The observation that thymidine competed, albeit poorly, with [6-3H] deoxyuridine in incorporation experiments using C. psittaci-infected TK-cells, even though deoxyuridine did not give rise to thymidine nucleotides, suggests that deoxyuridine and thymidine may be cleaved by the same enzyme.
In addition, the above results indicate that, in contrast other well-studied chlamydial isolates (5, 11, 18, 31) ability to transport, from the host cell cytoplasm, the pyrimidine (deoxy)ribonucleoside phosphate(s) within the dashed box and lacks the intracellular enzymes necessary for the metabolism of the pyrimidine bases and nucleosides within the solid box. C. psittaci AA Mp has a T'lP transport system and the intracellular enzymes required for the metabolism of uracil, deoxyuridine, thymine, and thymidine. Single arrows do not necessarily imply one-step reactions. Abbreviations: CXP, UXP, dCXP, and dUXP, the appropriate pyrimidine (deoxy)ribonucleoside phosphates; dU, deoxyuridine; dT, thymidine; CTPS, CTP synthetase; RR, ribonucleotide reductase; TK, thymidine kinase; TS, thymidylate synthase; UPRT, UPRTase. For simplicity the chlamydial vacuolar membrane has been omitted from the model. The functional significance of the vacuole and its membrane is currently unknown. know the identity of the trichloroacetic acid-precipitable material that is being labelled by the deoxyribose moiety. Interestingly, no incorporation of radiolabel is detected when similar experiments are conducted with C trachomatis L2 or C psittaci GM Mp (data not shown). A summary and model for pyrimidine acquisition in C psittaci AA Mp are shown in Fig. 5 . There is no de novo synthesis of pyrimidines. Uridine, cytidine, cytosine, orotic acid, and deoxycytidine are not utilized. The main source of pyrimidine nucleotides is via the salvage of uracil by a UPRTase. Although not demonstrated, the presences of CTIP synthetase and ribonucleotide reductase are implicated by the incorporation of uracil into cytosine and deoxycytidine. Both deoxyuridine and thymidine are cleaved, possibly by a single phosphorylase. The incorporation of thymine suggests that the thymidine phosphorylase can function anabolically. There appears to be no thymidylate synthase, but there is a thymidine kinase. Although quite simple, the pyrimidine-metabolizing capabilities of C psittaci AA Mp indicate that in contrast to previous suggestions, not all chlamydia isolates are auxotrophic for ribonucleotides.
